Simulations utilising the finite element method (FEM) have been produced in order to investigate aspects of circular extraordinary magnetoresistance (EMR) devices. The effect of three specific features on the resultant magnetoresistance were investigated: the ratio of the metallic to semiconducting conductivities (σ M /σ S ); the semiconductor mobility; and the introduction of an intermediate region at the semiconductormetal interface in order to simulate a contact resistance. In order to obtain a large EMR effect the conductivity ratio (σ M /σ S ) is required to be larger than two orders of magnitude; below this critical value the resultant magnetoresistance effect is dramatically reduced. Large mobility semiconductors exhibit larger EMR values for a given field (below saturation) and reduce the magnetic field required to produce saturation of the magnetoresistance. This is due to a larger Hall angle produced at a given magnetic field and is consistent with the mechanism of the EMR effect. Since practical magnetic field sensors are required to operate at low magnetic fields, high mobility semiconductors are required in the production of more sensitive EMR sensors. The formation of a Schottky barrier at the semiconductor-metal interface has been modelled with the introduction of a contact resistance at the semiconductor-metal interface. Increasing values of contact resistance are found to reduce the EMR effect with it disappearing altogether for large values. This has been shown explicitly by looking at the current flow in the system and is consistent with the mechanism of the EMR effect. The interface resistance was used to fit the simulated model to existing experimental data. The best fit occurred with an interface with resistivity of 1.55×10 −4 Ωm (overestimate). The EMR effect holds great potential with regard to its future application to magnetic field sensors. The design of any such devices should incorporate high mobility materials (such as graphene) along with the specific features presented in this paper in order to produce effective magnetic field sensors. 72.20.My, 72.15.Gd 
Introduction
Extraordinary magnetoresistance (EMR) was discovered by Solin et al. in 2000 [1] . Extremely large room temper-ature magnetoresistance values of over one million percent in a 5 T transverse magnetic field were reported for systems with large filling factors. The systems responsible for such a large effect were semiconductor-metal hybrids made exclusively out of non-magnetic materials. Here, a circular metallic droplet (Au) was embedded into a larger semiconducing disk (InSb). The magnitude of the effect is remarkable since the ordinary magnetoresistance of a metal or semiconductor individually is typ-ically small (only of the order of a few percent). Traditionally, systems that exhibit large magnetoresistance effects have been extremely important for practical applications as magnetic field sensors. These applications include the areas of: consumer electronics; automotive applications; medical imaging; and information storage technologies [2] . Since the discovery of EMR there has been much research devoted to its development due to its great potential for improvements to magnetic field sensors, especially in the read heads of the next generation of computer hard disk drives. The EMR effect arises due to the expulsion of current from the metallic region with the application of a large transverse magnetic field. With no magnetic field present the majority of the current flowing through the system is channelled through the conducting region producing a low resistance regime (short circuit). Since the metallic region is effectively an equipotential surface the electric field lines align perpendicular to the semiconductor-metal interface. With no magnetic field the current flows parallel to these and thus into the metallic region. However, when a large transverse magnetic field is applied to the system the Hall angle (angle between the electric field and the current) increases, approaching 90
• with a strong enough magnetic field. At the semiconductor-metal interface this causes the current to be expelled from the metallic region forcing it to flow through the semiconducting region, constituting a high resistance regime (open circuit). The EMR effect has been shown to be a geometric effect where the expulsion of current from the metallic region is more significant than the ordinary magnetoresistance of the two components. The EMR effect has not only been reproduced in circular system geometries but it has been shown that conformal mapping can produce a linear EMR system equivalent in behaviour to the circular disk geometry [1, [3] [4] [5] [6] [7] [8] [9] . It has been shown that the finite element method (FEM) can be used to create models that give an excellent description of experimental EMR results. These models have been used successfully to explore aspects of the geometry and material parameters of such EMR systems [10] [11] [12] [13] [14] [15] [16] [17] [18] . The discovery of graphene provided a new type of two dimensional materials where there is a great potential for the production of future magnetoresistive sensors [19, 20] . Graphene not only has a linear electronic energy spectrum but may also have a very high mobility of charge carriers even when impurities are present [21] . Recently, the formation of a highly inhomogeneous network of graphene in a graphite sample was observed due to a buckling effect [22, 23] . Such inhomogeneous structures may exhibit a large EMR effect [24] . Here, we explicitly report the results of FEM modelling of circular EMR systems while investigating the effect of the systems material parameters and the introduction of a contact resistance at the semiconductor-metal interface. Firstly, we report the effect of the difference between conductivity of the semiconductor and metal on the magnetoresistance for a standard circular disk geometry. The effect on the magnetoresistance of varying the charge carrier mobility of the semiconducting region is then investigated. Finally, we introduce a contact resistance that may be associated with the Schottky barrier that can be formed at the semiconductor-metal interface in order to make the standard FEM model a closer approximation of the experimental systems. This contact resistance is used as a parameter in order to fit the model to existing experimental data thus giving an estimate of the contact resistance of the experimental system.
Modelling procedure
The FEM modelling described in this paper was undertaken using the software package Comsol Multiphysics. The models are based on previous modelling of EMR systems that has shown the technique to give a very good agreement to experimental data [10, 11] . The following section outlines the basis of the modelling and the procedure used in order to obtain the result in this manuscript. The models used here are based on the experimental systems of Solin et al. with some simplifications. The first of these was to produce models in two dimensions with only the active layers of the experimental systems considered. This was a reasonable simplification since only the transverse magnetoresistance was considered and the construction of the experimental thin film systems prevented the formation of parallel conduction channels. Secondly, the contacts in the models are ideal point contacts placed equidistant around the systems perimeter. Deviation of the experimental contacts from this ideal case has not been considered in this manuscript. These systems consist of an outer semiconducting disk (radius ) with an embedded metallic inclusion (radius ) modelled in two dimensions. The filling factor of the system can be defined as the ratio of the radius of the metallic droplet to the radius of the entire disk (α = / ) and has a huge effect on the resultant magnetoresistance [1, 2, 6, 10, 11] . The largest magnetoresistance effect observed by Solin et al. occurred in a system with a filling factor of 13/16 [1] .
In order to measure the magnetoresistance, four point contacts are located around the disks perimeter. Two contacts (A and B) account for the current while the potential difference is measured across the other two contacts (C and D) as in the standard van der Pauw method [25] . A diagram of the simulated system can be seen in figure 1 (a). The material parameters and perpendicular magnetic field were used to define the conductivity tensor for each of the two subdomains (semiconductor or metal) and is of the following formσ
Here, σ 0 is the zero field conductivity and β is the dimensionless magnetic field parameter which is defined below
Here, µ is the charge carrier mobility and B the magnetic field which is orientated along the z axis. The material parameters (at zero magnetic field and room temperature) of the systems in which the EMR effect was discovered by Solin et al. are given in table 1.
All of the models presented in this manuscript are of the circular geometry as seen in figure 1. These models were created by solving the following governing equation for a magnetic field ranging from 0 to 5 T.
Here, Q J represents the current source which was set to +1µA at contact A and -1µA at contact B. The boundary conditions were set as electric insulation (n · J = 0) on the disk perimeter and continuity (n · J 1 = n · J 2 ) at the semiconductor metal interface. In order to investigate the effect of varying the zero field conductivity of both the semiconducting and metallic regions on the magnetoresistance the conductivity ratio is a useful parameter, σ M /σ S . Here, the subscripts M and S correspond to metallic and semiconducting regions respectively. The magnetoresistance was measured for various values of conductivity ratio with the charge carrier mobilities fixed to those given in table 1 for a system with filling factor of 8/16. The resultant effect on the magnetoresistance of the system can be seen in section 3.0.1. A similar method was employed to investigate the effect of the charge carrier mobility of the semiconducting region on the magnetoresistance of the system. Here, the conductivity and mobility of the metallic region and the conductivity of the semiconducting region were fixed to the values given in table 1. The mobility of the semiconducting region was then varied, the resulting effect on the magnetoresistance can be seen in section 3.0.2, once again using a system with filling factor of 8/16. The formation of a Schottky barrier at a semiconductormetal interface results in a reduction of current flow between the two materials with the interface having an associated contact resistance. In order to model the effect of a contact resistance at the semiconductor-metal interface a thin highly resistive intermediate disk was introduced (see figure 1(b) ). The thickness of the intermediate region was set at 1% of the system radius, with the radius equal to + ( /100). The conductivity tensor in this intermediate region was defined differently to the rest of the system being of the following form:
Therefore, the interface conductivity is independent of the applied magnetic field. The resistivity tensor is the inverse of the conductivity tensor, therefore the resistivity of the intermediate layer is described by the following expressionρ
The effect of varying the interface resistivity (ρ ) on the magnetoresistance is presented in section 3.0.3, along with a model without the consideration of interface resistance and experimental data for the same system for comparison.
Results and discussion

Effect of conductivity ratio
The magnetoresistance as a function of magnetic field (0-5 T) for various values of conductivity ratio for a circular EMR system (see figure 1(a) ) with filling factor of 8/16 is presented in figure 2 . Here, the conductivity ratio of 2430 is the value for the systems of Solin et al. where the effect was discovered (material parameters are given in table 1). M a g n e t o r e s i s t a n c e ( % ) M a g n e t i c F i e l d ( T ) In general we see that the largest values of magnetoresistance are achieved for the largest values of conductivity ratio. Conductivity ratio values of 537.6 or larger result in very similar magnetoresistance values where a maximum has been reached. We therefore expect that any further increase in conductivity ratio would not increase the magnetoresistance above this value. The conductivity ratio appears to have a strong effect on the magnetoresistance when its value is 53.8 or below. For small values of conductivity ratio (1 or less) the metallic region no longer acts as a short circuit and the EMR effect vanishes. This is consistent with the EMR mechanism where the majority of the current would flow through the semiconducting region for all values of magnetic field. Figure 2 highlights the need for the metallic region to have a significantly higher conductivity than the semiconducting region. In order to observe this in more detail we look at figure 3 where the magnetoresistance is plotted as a function of conductivity ratio for three values of magnetic field (1, 2 and 5 T). Here, we see the same general trend for all three values of magnetic fields. For large values of conductivity ratio (larger than two orders of magnitude) we see that the magnetoresistance has reached its maximum value. When the conductivity ratio drops below two orders of magnitude we see that the magnetoresistance drops rapidly, with it vanishing for small values. This dramatic reduction of the magnetoresistance is significant as it shows a clear cut-off that the conductivity ratio is required to be above for the effective performance of any future EMR devices. We see that the conductivity ratio of 2430 for the systems of Solin et al. is well above the minimum two orders of magnitude and therefore a large EMR effect could be obtained using metals with lower conductivities than gold. Similar investigations into the effect of the systems conductivities has been previously presented for linear geometry EMR devices [14, 16] . The general principle found here is in agreement with these works which is reassuring since the two device geometries should behave in the same manner. However, the threshold above which the conductivity ratio should lie is given as four orders of magnitude (larger than 10 4 ) for the linear devices. Since our value is significantly lower than this it suggests that the range of potential materials that could be used in the production of an EMR device may be broader.
Effect of semiconductor mobility
The magnetoresistance as a function of magnetic field is plotted in figure 4 for various values of semiconductor mobility for a circular EMR system (see figure 1(a) . We see that larger values of semiconductor mobility result in the magnetoresistance saturating at a smaller magnetic field and thus producing larger magnetoresistance values at a given field (below the saturation point). Materials with a high charge carrier mobility (such as graphene) are exciting candidates for future EMR devices which may obtain larger magnetoresistance values even at low magnetic fields.
Saturation of an EMR device occurs when the majority of the current has been expelled from the metallic region and it is forced to flow through the semiconducting material upon the application of a magnetic field. This occurs when the Hall angle (tan θ H = µB ) approaches 90
• . Therefore, we would expect that a larger semiconductor mobility would produce a larger Hall angle at a given magnetic field, resulting in a larger proportion of the current being expelled from the metallic region causing saturation to occur at a lower magnetic field. Our observations are consistent with this mechanism. We see that in general a higher semiconductor mobility results in a larger magnetoresistance value at a given magnetic field. The three largest mobility semiconductors (µ S > 20 000 2 /V ) show saturation of the magnetoresistance within the 5 T range. Here, the three magnetoresistance values converge to the maximum achievable value (approximately 1,500%). Increasing the semiconductor mobility acts to reduce the magnetic field at which the magnetoresistance saturates. The magnetoresistance of systems with mobilities of 20,000 2 /V or below have not achieved saturation in a magnetic field of 5 T and would require increasingly large magnetic fields to do so. Since practical applications of magnetic field sensors mainly occur in small magnetic fields future EMR devices are required to be produced from high mobility semiconductors in order to achieve the large EMR values at these fields. This opens up a great potential for improved EMR devices produced from high mobility materials such as graphene. Investigations into the effect of the charge carrier mobility of the semiconducting material have been previously reported for linear geomety EMR devices [14, 16, 17] . The work of Holz et al. reports the magnetoresistance to decrease with an increase in semiconductor mobility. However, their analysis differs from that presented in this paper [17] . Their work is based upon the idea of keeping the carrier density constant with a change in mobility causing the zero field conductivity to vary (σ 0 = µ) along with the Hall angle. The approach we have described here is consistent with the approach of Rong et al. where the variation of the semiconductors mobility is absorbed by a change in the carrier density resulting in a constant zero field conductivity [14] . The results presented in this manuscript are consistent with those found by Rong et al. for linear geometry EMR devices.
Semiconductor-metal interface resistance, modelling a Schottky barrier
The magnetoresistance as a function of magnetic field for various values of contact resistivity (ρ , the diagonal elements of the resistivity tensor of the intermediate layer at the semiconductor-metal interface) is presented in figure 5 for a circular EMR device with filling factor of 13/16 (see figure 1(b) ). The figure also contains the magnetoresistance for a model of the same system without the consideration of a contact resistance and experimental data for comparison. The largest magnetoresistance value is found for the system without the consideration of an interface resistance. In general increasing the interface resistivity reduces the magnetoresistance observed with the EMR effect vanishing altogether in an extreme case with the largest interface resistivity (ρ = 0.1 Ωm). The mechanism for the EMR effect relies on the switching of current paths from the metallic region to the semiconducting region with the application of magnetic field (i.e. current crossing the interface). Therefore, it would be natural to expect the interface resistivity to play an import role in the EMR effect. A system with a large resistance to current flow at the interface would therefore not be expected to exhibit the EMR The experimental data (extracted) is shown in red and the corresponding system without the intermediate interface is shown in blue. We see that, consistent with the mechanism for the effect, larger values of contact resistivity reduce the magnetoresistance. We find that an interface resistivity of 1.55×10
−4
Ωm was required to fit the model to the experimental data, thus giving an overestimate of the systems interface resistivity.
effect as current would not be able to flow into the metallic region at zero field. With a finite interface resistance the EMR effect would be expected to be reduced from the case without an interface resistance since a lower proportion of the current would enter the metallic region at zero field. In order to investigate how the interface resistivity effects the magnetoresistance in our models we look to the current flow throughout two systems with different values of contact resistivity (ρ = 1.55×10
Ωm for figures 6(a) and (b) and ρ = 0.1 Ωm for figures 6(c) and (d)) at 0 and 5 T respectively, this can be seen in figure 6 . Here, the arrows represent the direction and relative magnitude (corresponding to arrow size) of the current flow for various points throughout the systems. For a system with a reasonably small interface resistivity of 1.55×10
Ωm figures 6(a) and (b) show the expected behaviour of an EMR system where the switching of current paths arise upon the application of a magnetic field. From figure 6(a) we see that at zero magnetic field the majority of the current is flowing from the semiconducting region across the interface layer and into the metallic region of the system. From figure 6(b) with a magnetic field of 5 T we see that the majority of the current flow throughout the system has been expelled and forced to flow through the semiconducting region. ) show an almost identical current flow throughout the systems. The EMR effect vanishes for such a large value of interface resistivity since switching of current paths does not occur and the majority of the current flows through the semiconducting region independent of the applied magnetic field in each case. The interface appears to block the flow of current meaning the current is unable to flow into the metallic region at zero magnetic field. Since the interface resistance reduces the resultant EMR effect it has been used as a parameter to fit our FEM model to existing experimental data for the same system. The interface resistivity responsible for the best fit to the experimental data being 1.55×10 −4 Ωm (see figure 5) . We note that this value is an overestimate of the interface resistivity of the system as all of the variability between the model and the experimental system is accounted for in this parameter where other factors will also contribute. The effect of the interface resistance on the system resistance of a linear EMR device has previously been reported [15, 16, 18] . The low field resistance of these devices was shown to increase with increased interface resistance resulting from the current flow being directed through the semiconducting region, suppressing the appearance of an EMR effect. The results reported here for EMR devices with a circular geometry are consistent with these findings. For the production of future EMR devices it is important to create a system with a low interface resistance as it is shown to limit the effectiveness of the device. The formation of a Schottky barrier at the semiconductor-metal interface is one such undesirable effect that should be minimised.
Conclusion
Here, the effect of varying the material parameters (specifically conductivity and mobility) of circular EMR systems has been investigated. In order to obtain a large EMR effect the conductivity ratio (σ M /σ S ) is required to be larger than two orders of magnitude; below this the resultant magnetoresistance effect is dramatically reduced. The mobility of the semiconducting material effects the magnetic field at which saturation of the magnetoresistance occurs. Large mobilities result in larger magnetoresistance values at low fields subsequently causing the saturation of the magnetoresistance to occur at lower magnetic field. Since many practical magnetic sensors are required to operate at small fields high mobility semiconductors are required in the production of effective EMR devices. Materials with a huge mobility, such as graphene, could be used to produce more effective EMR sensors. Finally, we have shown that the formation of a Schottky barrier at the semiconductor-metal interface in any practical EMR device can be modelled by introducing a highly resistive intermediate layer. The largest EMR effects were found to occur for small values of interface resistivity, increasing values reduced the EMR effect with it vanishing altogether for large values. This result is consistent with the mechanism for the EMR effect. Since the contact resistance reduces the EMR effect it was used to fit the model to experimental data; the best fit occurred with an interface of resistivity of 1.55×10 −4 Ωm (overestimate). These results are consistent with previous work on linear EMR devices. The production of effective future EMR sensors should meet the requirements reported here allowing such devices to be produced from a wide range of materials.
